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Abstract

TheBelgiancoastalplainprovidesanexcellentopportunitytostudythedevelopmentoffreshwaterlenses.
Aquiferheterogeneityandhumaninterferencesuchaslandreclamationdeterminethedistributionoffresh
andsalt-water.BeforethelandreclamationtheBelgiancoastalplainwasatidalflat andthegroundwater
reservoirwasmainlyfilledwithsalt-water.Fromaround1100AD,withthecompletionof landreclamation,
thissalt-waterwasreplacedbyfresh-waterleadingto thenowobservedgroundwaterqualitydistribution.
Theheterogeneousdistributionof peat,clay,siltandsandinfluencesthegeneralflowanddistributionof
freshandsalt-wateralongwiththedrainagepatternandresultsinthedevelopmentoffresh-waterlenses.
Thesefresh-waterlensesweresurveyedinthe polder'NoordwateringVeurne'situatedonthewestbank
of theIJzerriverinthewesternBelgiancoastalplain.Dataofapreliminaryfieldsurveyandliteraturedata
werecombinedto makea 3Dgroundwaterflow modelof the areausingthe MOCDENS3Dcode.This
modelshowsthe3Ddevelopmentof fresh-waterlensesina heterogeneousaquifer.
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Introduction

Sedimentsof theBelgiancoastalplainareofQuaternaryageandconsistof alternationsofclay,sand,silt
andpeatdepositedandformedin tidal flat environment.Thisleadsto a heterogeneousgroundwater
reservoirhaving,togetherwith importanthumaninterference,its influenceon the nowadaysobserved
distributionof freshandsalt-groundwater.Between7500and5500BPa mudflat environment,inwhich
mudandsaltmarshdepositsformed,waspresentin theBelgiancoastalplain.Tidalchannelsandgullies
wereincisedinmainlyclasticdeposits(sandandclay)withlocalpeatlayers.From5500BPon,peatgrowth
becamemoreimportantbecauseof a lowerrateof sealevelrise.Peatdevelopmentlocallycontinuedto
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about2000BP.Thiswasendedbyrenewedinvasionof theseain thecoastalplain.Again,mudflat
environmentswith manytidal channelsandgulliesdeveloped.Duringthisevolution,the groundwater
reservoirwasalmostcompletelyfilledwith salt-water.Evidenceof humanactivityin thecoastalplainis
foundfromRomantimesonward.Dikeswerebuiltasprobablyasearlyasthe10thcenturyADaroundsome
tidalchannels.Theyservedto protectthereclaimedlandfrominfluenceof thesea.Alsoa densenetwork
ofdrainagechannelswasconstructedinthereclaimedareas.Fromthebeginningof the 12thcenturymost
of thecoastalplainwasreclaimed.Fromthenononlyfresh-watercouldenterthegroundwaterreservoir
andthe oldersalt-waterwasgraduallyreplacedwith this fresh-recharge-water.Thereby,fresh-wateris
foundin lensesin the formertidal channelsandgulliesandsalt-waterin the adjacentareas.Thishas
differentreasons.First,theformertidalchannelsandgulliesconsistofpermeablesandydepositswhereas
the adjacentareasconsistsof lesspermeableclay,siltandor peatdeposits.Secondly,thetidalchannel
depositsaregenerally(:I:: 1 to 2 meter)higherin relief,principallydueto thedifferentcompaction
propertiesof the sediments.Therefore,the termtidal channelridgeis oftenused.Finally,dueto the
differenceindrainageintensitybetweenthetidalchannelridgesandtheadjacentareas,whichisalready
a consequenceof theconstitutionof theirsubsoilandof theirelevation,thetidalchannelridgesareless
intensedrainedthantheadjacentlesspermeableareas.

Becauseof its Quaternarygeologicalhistoryandtheamountof (hydro)geologicaldataavailable(e.g.a
mapshowingthedepthof the 1500mg/l totaldissolvedsolids(TDS)contourlinefor theentirecoastal
plainpresentedbyDeBreucket al.(1974)andnumerousotherlocalstudies)the Belgiancoastalplain
providesanexcellentopportunityto studythedevelopmentof freshwaterlenses.Recentworkconsisted
of surveyingthegroundwaterqualityarounda majortidalchannelridgein the easternBelgiancoastal
plain(Vandenbohedeandlebbe,2000).A 2Ddensitydependentgroundwaterflowmodelof thischannel
wasmade(Vandenbohedeandlebbe,2002a;Vandenbohede,2003)showingthedevelopmentof water
qualitydistributioninandaroundthechannel.Inthisworkwaterqualityevolutionandgroundwaterflow
inandaroundfresh-waterlensesisstudiedusinga 3Ddensitydependentnumericalmodel.Theinfluence
of drainagechannelswill alsobeshown.

Studyareaandfieldwork

ThestudyareaislocatedinthewesternBelgiancoastalplain(Figure1).It isboundedin theeastandthe
southbytheIjzerriver.ThegroundwaterreservoirconsistsofQuaternarysand,silt,clayandpeatdeposits
boundedbelowby Paleogenedepositsof the KortemarkMember(Formationof Tielt)andtheAalbeke
Member(Formationof Kortrijk).Theseareclayandsiltoussediments.A numberof old Quaternarytidal
channelsrunthroughthestudyarea.Theirsubsoilconsistsofpermeablesandydeposits.Adjacentdeposits
arelesspermeablesilt,clayandpeatsediments.

linster(2003)madefieldworkto supplementliteratureandthearchivaldataof the area.Sevenrotary
drillingswereperformed.Fourwellsweregroupedonatidalchannelridgeallowingtheperformanceofa
pumpingtest. Geophysicalboreholemeasurementswere madein all wells.Therefore,a focussed
electromagneticinductiontool(EM39, GeonicsC»wasused.TheEM39isespeciallydesignedforusein
wellsencasedwithelectricalnon-conductivematerials.EM39measurestheelectricalconductivityof the
surroundingsoilwithinadistancerangingfrom20to 100cmfromthewellaxiswhilebeinginsensitiveto
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Figure1. Localisationof thestudyarea.

conductivityof theboreholefluidanddisturbedmaterialsituatednearthewellaxis.Theverticalresolution
is 20centimetres.Thismakesit anexcellenttoolto studythedistributionof freshandsalt-wateraround
observationwells.Moredetaileddiscussionof theEM39-toolcanfor instancebefoundin McNeil(1986)
and Vandenbohedeand Lebbe(2002b).Moreover,measuredelectricalconductivitiescan be easily
recalculatedto totaldissolvedsolidscontent(TDS)of theporewater(VanMeirandLebbe,2002).Figure
2 showstwoexamplesof EM39measurementsinPP4and583.PP4is locatedona tidalchannelridge.
low electricalconductivitiesaremeasuredindicatingthat the groundwaterreservoiris filledwith fresh
water.BasedonEM39measurements,a meanTDSof 1000mgll isderivedfor PP4.largeconductivities
below-3 mTAWaredueto thePaleogeneclayeyandsilteousdepositsanddothusnotreflectporewater
chemistry.583is situatedin the adjacentlesspermeablesediments.Highconductivitiesaremeasured
meaningthat the sedimentsarefilledwith salt-water.Basedon EM39measurements,a meanTDSof
14000mgll isderived.
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Figure2. EM39measurementsin PP4andSB3(Linster,2003).

A pumpingtestwasperformedonthetidalchannelridgeaimingto deriveitshydraulicconductivity.The
pumpingtestwasinterpretedusingthe inversenumericalmodelof the HYPARIDENprogrampackage
(lebbe,1999).A horizontalhydraulicconductivityof4.09mIdandaverticalconductivityof0.31mIdwere
deduced.
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3D simulationwith MOCDENS3D

MOCDENS3D(OudeEssink,1998, 2001)is usedhere. It is basedon the three-dimensionalsolute
transportcomputercodeMOOD(KonikowetaI.,1996),butadaptedfordensitydifferences.Tosimulate
the flow,the groundwaterreservoiris discretizedin 64 columnsand 53 rows,eachwith a width of
50meters.So,the dimensionsof the modelledareaare3.2 by 2.65kilometres.Twelvelayerswith a
thicknessof 1,5meterareused.Thefinite-differencegridcontainsthus40704 cells.

Distinctionismadebetweenthepermeabletidalchannelsandadjacentlesspermeablesediments.Todo
thisforthemodelledarea,resultsof recentfieldwork(Linster,2003),literaturedataandthesoilmapwere
used.Sandydepositsarepresentfromlayeroneto thelayerjustabovethePaleogenedepositsintheold
tidal channels.Itshorizontalandverticalhydraulicconductivitywasderivedwith the pumpingtest.The
adjacentlesspermeablelayerswereschematisedasfollows:claylayer(modellayer1),peatlayer(layers
2and3)andclay(layers4 to layerabovethePaleogenesediments);itshorizontalhydraulicconductivities
are respectively0.38 mId,0.13 mIdand 0.10 mId.Anisotropyor the ratioof horizontalto vertical
conductivityis50.Depthandoccurrenceofthetwomembersof thePaleogenedepositswerederivedfrom
the geologicalmap(JacobsandDeCeukelaire,2002)supplementedbytherecentfieldwork.Horizontal
conductivityof the KortemarkandAalbekeMemberarerespectively0.08mIdand0.0066 mIdandtheir
anisotropyisputequalto 50.

Thewatertableformsthe upperboundary.Thelowerboundaryisanimpermeableoneandissituatedin
the Paleogenedeposits.TheIlzerriverformsin theeastandsoutha constantheadboundaryin thefirst
threelayers.Theconstantheadis3.14mTAWbeingthemeanwaterleveloftheriver(mTAWistheBelgian
ordnancedatumreferringto meanlowlowwaterlevel.about2.3mbelowmeansealevel).Eastandsouth
boundariesfor theotherlayersareimpermeableones.Northandwestboundariesarealsoimpermeable.
Rechargeis56mmlyearontheformertidalchannelsand5.6mmlyearontheadjacentareas.Twomajor
drainagechannelscrossthe studyarea.Additionally,a densenetworkof smallerdrainagechannelsis
present.ThisdrainagesystemwasincludedusingMODFLOW'sdrainagepackage.Thedrainagelevelof
majorchannelsis 2 mTAWand2.25mTAWfor thesmallerchannels.

Withthe startof the simulation,the groundwaterreservoiris completelyfille~with salt-water(TDS=
27000 mg/L).Thisreflectsthe situationbeforethe landreclamation.Thereafter,onlyfresh-watercan
rechargeandthisfresh-waterreplacesthesalt-water.Thestartof thesimulationissetat 1100ADafter
whichthe influenceof the seais consideredminimal.Thelongitudinaldispersivityis 0.2 m andthe
horizontalandverticaltransversedispersivityarerespectively0.02mand0.01m.Effectiveporosityis0.38.
ThesearebasedonexperienceswithsimilarmodelsintheBelgiancoastalplain.Atotalperiodof900years
issimulated.

Discussion

Figure3 showsa cross-sectionalongcolumn25.Twomajordrainagechannelsarefoundin thiscross-
section,onein thenorthernpartof thecross-sectionandonebetweenthetwotidalchannels.Duringthe
first400yearsofthesimulationthetidalchannelssalt-waterisgraduallyreplacedbyfresh-recharge-water.
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Figure3. North-southcross-sectionalongcolumn25after100(1200AD),200 (1300AD),400 (1500AD)and 900
(2000AD)yearsimulationtime.linesof constantfreshwaterheadareindicatedtogetherwith isoconcentration

linesandgroundwaterflowanditsvelocityusingarrows.

Thisisnotthecaseinthelesspermeableadjacentareas.Inthesezonessalt-waterisfoundupuntiltoday.
Thereforefresh-waterlensesarefoundin boththeformertidalchannels.Thiswasalsoobservedwiththe
EM39measurements.Groundwatervelocitiesarealsomuchfasterin the formertidal channelsandits
immediatesurroundingsthanin theadjacentlesspermeabledeposits.Ofnoteistheinfluenceof thetwo
majordrainagechannels.Thedrainagechannelpresentbetweenthetwotidalchannelridgesmakesthat
theinterfacebetweenfreshandsalt-waterispushedupwardstowardit.Salt-wateristhusfoundshallower
underthedrainagechannelthanin itsvicinity.Otherwise,aseconddrainagechannelispresentjustnorth
of a formerchannelridge.Thischannelattractsfresh-waterthat rechargeson the tidal channelridge.
Therefore,thelesspermeablesedimentsbetweentheformertidalchannelandthedrainagechannelare
partiallyfreshened.
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Figure4 showsa cross-sectionalongrow 17.Twotidalchannelridgeswith lesspermeablesedimentsin
betweenarepresentinthiscross-section.Theeasternchannelridgeillustratesthedevelopmentofa typical
fresh-waterlens.Fresh-waterrechargesonthechannelridgeandflowsout onthetransitionbetweenit
andtheadjacentareawith lesspermeablesediments.Themainflowdirectionin thecentreof thefresh
waterlensisdownward.An importantdrainagechannelispresentonthewesternchannelridge.Because
ofthedrainageflowisdirectedtowardsthedrainagechannelinitsimmediatesurroundings.Thisinterferes
with thedevelopmentof thefresh-waterlens.Therefore,an upconingof salt-waterunderthedrainage
channelisfound.Noticealsothatthenormalflowcycleinafresh-waterlens,downwardflowinthecentre
andanupwardflowalongtheedges,isherereversed.
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Figure4. West-eastcross-sectionalongrow 17after100(1200AD),200(1300AD),400(1500AD)and900
(2000AD)yearsimulationtime.Linesofconstantfreshwaterheadareindicatedtogetherwith isoconcentration

linesandgroundwaterflowanditsvelocityusingarrows.

Figure5 showswaterqualitydistribution,hydraulicheadandgroundwaterflowin layer2 after900years.
Thisisthusthecurrentsituationjustunderneaththewatertable.Influenceof lithologyisobvious.Fresh-
waterispresentinthechannelridgesandsaltandbrackish-waterinbetween.Groundwaterflowvelocities
arelargestinthetidalchannelridgesandalmostnegligiblesmallintheadjacentareas.Themaindrainage
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channelsalsoinfluenceflow.Forinstance,thereisan importantflowtowardsa drainagechannelin the
north-westernquadrantof the modelarea.Fresh-waterflowstowardsthis channelin the permeable
channelridgescircumventingthelesspermeablepartsof thegroundwaterreservoir.

,
x10

0.5

Figure5.Waterqualitydistribution,hydraulicheads(contourlinesevery20cm)andgroundwaterflow in layer200
after900years(2000AD).

Conclusion

Inthe Belgiancoastalplain,thedistributionof freshandsalt-wateris influencedbytheheterogeneityof
the Quaternarygroundwaterreservoir(complexdistributionof clay,silt,sandandpeat)andby human
intervention(landreclamation).Beforethe landreclamation,the groundwaterreservoirwas almost
completelyfilledwithsalt-water.Afterwards,thissalt-waterwasreplacedbyfresh-recharge-water.Thisled
to thedevelopmentof fresh-waterlensesinthemorepermeableformertidalchannels.Salt-waterpresent
betweenthesechannelridgeshasnotbeenreplacedyet.Thisdistributionwasobservedwithgeophysical
boreholemeasurements(EM39)andtheevolutionwassimulatedwitha3Dmathematicalmodelusingthe
MOCDENS3Dcode.Themodelalsoillustratedtheinfluenceofthedrainagechannels.Anupconingofsalt-
wateris presentunderdrainagechannels.Inanothercasewherethedrainagechannelissituatedin the
lesspermeablesedimentscloseto atidalchannelridge,fresh-waterrechargingonthechannelridgeflows
towardsthisdrainagechannel.
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